The reliability of an in vitro pyrogen test system based on proinflammatory cytokine release from human monocytic cells was assessed by comparison with a test system based on a human whole blood culture as well as with the conventional rabbit pyrogen test. The human cells used as the pyrogen indicator cells were newly selected by subcloning of a human monocytic cell line, Mono-Mac-6. The selected cells, named MM6-CA8, responded to various pyrogens, including endotoxin, peptidoglycan (PG), Staphylococcus aureus Cowan 1 (SAC), and poly(I · C), with a high sensitivity and produced proinflammatory cytokines, such as interleukin 1 (IL-1), IL-6, and tumor necrosis factor alpha. Among these cytokines, IL-6 was produced most sensitively in response to traces of the pyrogens and detected in the largest quantities in the culture medium. The cytokineproducing responses of MM6-CA8 cells correlated significantly with the responses of cultured human whole blood, which represents an ex vivo culture test system reproducing pyrogen-induced cytokine production in the human body. In terms of cytokine inducibility, the pyrogens were ranked in the order endotoxin > PG > poly (I · C) > SAC in both culture systems, a ranking which almost agreed with the ranking of their pyrogenicity as assessed by the rabbit pyrogen test. These results suggest that the in vitro responsiveness of MM6-CA8 cells to various pyrogens is highly relevant for human pyrogenic reactions. Therefore, the in vitro test system is useful and reliable for detecting the presence of materials that are pyrogenic for humans.
Parenteral pharmaceuticals have usually been tested for pyrogenic contamination by the rabbit pyrogen test. This in vivo test is able to detect various kinds of pyrogens but is costly and requires the use of laboratory animals. In addition, it is somewhat doubtful whether rabbits have sensitivities to various kinds of pyrogens comparable to those of humans. In recent years, the Limulus amoebocyte lysate (LAL) test has been adopted as an official test to replace the rabbit pyrogen test. The LAL test is now used widely as a simple and highly sensitive in vitro method for the detection of endotoxin, which is the most typical and the most powerful pyrogen present in the natural world. The in vitro test is based on a clotting reaction elicited in lysates of amoebocytes from the horseshoe crab, Limulus polyphemus, by a small amount of endotoxin. This test, however, has some inherent limitations; it cannot detect any pyrogens except for endotoxin, and there is phylogenic distance between the horseshoe crab and higher vertebrates. Therefore, the development of a novel in vitro alternative to the rabbit pyrogen test is needed to make up for the limitations of the LAL test. It was reported that the parenteral pharmaceutical preparation of methionyl human growth hormone evoked fever when it was injected into healthy volunteers in a phase I trial (8). However, no significant level of exogenous pyrogens or endotoxin had been detected in the preparation by the rabbit pyrogen test or the LAL test. Considering these findings, the new test must be able to detect all kinds of pyrogens and evaluate their pyrogenicity in humans accurately.
When pyrogens enter the circulation, the stimulation of peripheral blood monocytes and macrophages determines the release of proinflammatory cytokines (endogenous pyrogens), such as interleukin 1 (IL-1), IL-6, and tumor necrosis factor alpha (TNF-␣) (35, 39) . These cytokines transmit signals to increase the thermostatic set point at the level of the preoptic area of the hypothalamus through prostaglandin E 2 . These signals are further transmitted to the brain, where complex thermoregulatory mechanisms are triggered to increase the body temperature (7, 18, 24, 31) . The novel pyrogen test should be based on in vitro reactions that are highly relevant to the above fever-inducing mechanisms in humans. As representative of such a relevant in vitro reaction, pyrogen-induced proinflammatory cytokine production by human monocytes or human monocytic cell lines has been proposed. The proposed methods include test systems with human whole blood (11, 26) , isolated primary cells from human blood (13, 28) , and cell lines of the human monocyte/macrophage lineage (10, 21, 25, 38) . Such test systems are required to satisfy the practical demands of high sensitivity, simplicity, and low variability. Test systems with human whole blood or isolated primary cells have greater relevance to the in vivo situation than test systems with monocytic cell lines. However, the use of blood or primary cells will not be accepted widely, since there are many difficulties related to their preparation and the individual variances of different donors.
In the present study, we chose a human monocytic cell line, Mono-Mac-6 (MM6) (42) , for use as indicator cells in an in vitro pyrogen test system because of their ease of processing and low variability. We first subcloned the MM6 cells and obtained a clone, MM6-CA8, which responds to various pyrogens with a high sensitivity; we then set up the in vitro pyrogen test system with the MM6-CA8 cells. It is possible, however, that the MM6-CA8 cells cloned from human monocytomaderived MM6 cells have mutations causing some alterations in their responsiveness to pyrogens. In order to evaluate the MM6-CA8 cells for their suitability and reliability as pyrogen indicator cells, we compared their cytokine-producing responses to various pyrogens with those of normal human whole blood as well as with the pyrogenic responses of rabbits. The pyrogens examined in this study included peptidoglycan (PG), Staphylococcus aureus Cowan 1 (SAC), and poly(I · C) in addition to endotoxin. To the best of our knowledge, this is the first report to investigate the cytokine inducibility and pyrogenicity of a variety of pyrogens systematically.
MATERIALS AND METHODS
Pyrogens. Endotoxin (lipopolysaccharide) from Escherichia coli O55:B5 was purchased from Sigma Chemical Co. (St. Louis, Mo.). Insoluble PG was prepared from formalin-fixed S. aureus (Sigma) by the method of Schleifer and Kandler (32) . Briefly, the bacteria were suspended in trichloroacetic acid (10%). The suspension was placed in a boiling water bath for 20 min and then centrifuged. The pellet was washed with distilled water and resuspended in trypsinphosphate buffer (0.2 mg of trypsin/ml of 0.1 M phosphate buffer [pH 7.9]). The suspension was incubated at 37°C on a shaker for 2 h and centrifuged. The pellet was washed two times with distilled water, lyophilized, and stored at 4°C. Lyophilized PG was resuspended in distilled water and sonicated at 38,000 Hz on ice for 20 min before experiments. SAC (Pansorbin) was purchased from Calbiochem-Novabiochem Co. (San Diego, Calif.). Carboxymethyl-␤-(1,3)-D-glucan (CM-curdlan) was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Synthetic poly(I · C) was purchased from Amersham Pharmacia Biotech UK Ltd. (Buckinghamshire, United Kingdom). PG, SAC, and CM-curdlan contained less than 20 pg of endotoxin/mg and poly(I · C) contained 3,000 pg of endotoxin/mg, as determined by the LAL assay (Endospecy; Seikagaku Co., Tokyo, Japan).
Selection of a human monocytic cell line suitable for use as indicator cells. THP-1 cells were purchased from the American Type Culture Collection (Rockville, Md.). U937 and HL-60 cells were obtained from Japanese Cancer Research Resources Bank-Cell (Osaka, Japan). MM6 cells were purchased from the German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany). The cells were primed with 10 or 100 ng of calcitriol (1␣,25-dihydroxyvitamin D 3 ; Wako)/ml. After incubation for 48 or 72 h with calcitriol, the cells were plated in a 24-well plate at 10 6 cells/0.9 ml/well, and 0.1 ml of endotoxin at various concentrations was added to each well. The cell suspensions were incubated for 17 h at 37°C, and then the supernatants were assayed for TNF-␣ by a cytotoxicity assay with L929 cells (obtained from Japanese Cancer Research Resources Bank-Cell) as previously described (22) .
Subcloning of MM6 cells and induction of proinflammatory cytokine release from MM6 cells by pyrogens. MM6 cells were subcloned by limiting dilution, and MM6-CA8 cells were selected for their superior response to low concentrations of endotoxin and PG in producing large amounts of proinflammatory cytokines with a high sensitivity. The cells were maintained in RPMI 1640 medium (Gibco Laboratories, Grand Island, N.Y.) containing fetal bovine serum (10%), glutamine (2 mM), nonessential amino acids (0.1 mM), sodium pyruvate (1 mM), and bovine insulin (9 g/ml). MM6-CA8 cells were primed with 10 ng of calcitriol/ml. After incubation for 72 h with calcitriol, the cells were plated in a 24-well plate at 10 6 cells/0.9 ml/well, and 0.1 ml of pyrogens at various concentrations was added to each well. The cell suspensions were incubated for 17 h (unless otherwise indicated) at 37°C, and then the supernatants were assayed for IL-1, IL-6, and TNF-␣ with commercial enzyme-linked immunosorbent assay (ELISA) kits (Genzyme, Cambridge, Mass.). The kinetics of endotoxin-or PG-induced IL-1, IL-6, and TNF-␣ production from MM6-CA8 cells were examined. After incubation for 0.5, 1, 2, 4, 8, 12, and 24 h, cytokine release in the supernatants of cell cultures was measured. The cytokine production induced by both pyrogens increased rapidly during the first 2 to 4 h and then reached a plateau (IL-1 and IL-6) or decreased slightly (TNF-␣) (data not shown). These results indicated that IL-1, IL-6, and TNF-␣ production was almost constant from 4 to 24 h after incubation.
Pyrogen-induced proinflammatory cytokine release from cultured human whole blood cells. Blood samples were collected from healthy volunteers. Freshly drawn heparinized human peripheral blood (225 l) was incubated for 4 h at 37°C with 25 l of saline containing various concentrations of pyrogens in a sterile polypropylene tube (Falcon; Becton Dickinson, San Jose, Calif.). After incubation, the blood samples were diluted with 750 l of saline and centrifuged for 5 min at 15,000 ϫ g. The supernatants were assayed for IL-1, IL-6, and TNF-␣ with commercial ELISA kits.
Rabbit pyrogen test. Male Japanese White rabbits weighing about 3 kg were used throughout this study. Rabbits were given an intravenous dose (1 ml/kg of body weight) of various concentrations of pyrogens. Rectal temperatures were measured with indwelling rectal thermistors and recorded for 5 h after pyrogen administration.
Statistical analysis. Data were expressed as the mean and standard error of the mean (SEM). The detection limit for each pyrogen was calculated as the minimum concentration of that pyrogen inducing a significant amount of cytokine production (greater than 2 standard deviations above that obtained with 0 ng of pyrogen/ml).
RESULTS

Selection of a human monocytic cell line suitable for use as indicator cells.
We first evaluated four kinds of human myelomonocytic cell lines, MM6, THP-1, U937, and HL-60, for their suitability as indicator cells for the in vitro pyrogen test system by examining their responsiveness to endotoxin (0.1 to 10,000 ng/ml). Among these cell lines, only MM6 cells produced a large amount of TNF-␣ in response to endotoxin; however, this response occurred only when the cells were primed with calcitriol. Other cell lines produced little TNF-␣ in response to endotoxin regardless of the treatment with calcitriol (data not shown). We therefore chose MM6 cells and evaluated their usefulness and reliability as pyrogen indicator cells in detail.
Subcloning of MM6 cells. It is possible that the bulk culture of the MM6 cell line consists of cells heterogeneous in their reactivity to pyrogens. Therefore, we subcloned MM6 cells by limiting dilution to select a cell clone which responds to pyrogens with a high sensitivity. As reference pyrogens, we chose endotoxin and PG, since both are typical bacterial pyrogens and bind individually to their own receptors on the cell surface of monocytes/macrophages, i.e., Toll-like receptor 4 and Tolllike receptor 2, respectively (37) .Via cloning, we obtained a subclone, MM6-CA8, that shows superior reactivity to both endotoxin and PG. Table 1 shows the comparison of the responsiveness of MM6-CA8 and MM6 cells. In response to endotoxin and PG, both cells produced IL-6, TNF-␣, and IL-1 dose dependently, but the amounts of cytokines produced were much larger in MM6-CA8 cells than in MM6 cells. A marked difference was also found in their sensitivity to PG. Cytokine production increased significantly with 100 ng of PG/ml in MM6-CA8 cells, compared to 1,000 ng/ml in MM6 cells. Thus, MM6-CA8 cells were 10 times as sensitive as MM6 cells to PG. On the other hand, the sensitivities of the cells to endotoxin were almost the same, although MM6-CA8 cells produced very large amounts of cytokines in response to endotoxin, as mentioned above. The other characteristics of MM6-CA8 cells were ease of processing and phenotypic stability. The cells grow in suspension with a doubling time of 36 h, and we have confirmed that the high sensitivity to endotoxin and PG is retained for at least 200 passages (data not shown).
Responsiveness of MM6-CA8 cells to various pyrogens.
In order to evaluate MM6-CA8 cells for their usefulness and reliability as pyrogen indicator cells, we next examined the responsiveness of the cells to various kinds of pyrogens and checked how the activity of the pyrogens was assessed by the MM6-CA8 culture test system. The pyrogens examined were as follows: (i) endotoxin (from E. coli O55:B5), (ii) PG (from S. aureus), (iii) SAC, (iv) poly(I · C) (synthetic analogue of viral double-stranded RNA), and (v) CM-curdlan (nonpyrogenic but LAL test positive; used as a negative control). As shown in Fig. 1 , MM6-CA8 cells responded to all of the pyrogens except for CM-curdlan and produced IL-6, TNF-␣, and IL-1 in a dose-dependent manner. Among these cytokines, IL-6 was produced most sensitively in response to traces of the pyrogens and detected in the largest quantities in the culture medium. However, the cytokine-inducing effects of the pyrogens differed considerably, and the differences were expected to reflect the differences in pyrogenic potencies.
To estimate the cytokine-inducing potency of each pyrogen, we determined the minimum concentration of each pyrogen that induced the production of a significant amount of cytokine (greater than 2 standard deviations above the value obtained with 0 ng of pyrogen/ml) (Fig. 2) . The obtained value was equal to the detection limit for the pyrogen in the MM6-CA8 culture test system. The results are summarized in Table 2 . Among the pyrogens examined, endotoxin was the most potent and induced the production of IL-6 at a concentration of as low as 9.6 pg/ml. This concentration was almost equivalent to the detection limit of the LAL assay (5 to 50 pg/ml), recognized as the most sensitive assay for endotoxin. With regard to cytokineinducing potency, the pyrogens were ranked as follows with the MM6-CA8 culture test system: endotoxin Ͼ PG Ͼ poly(I · C) Ͼ SAC (see Fig. 7 ). Endotoxin was approximately 10,000 times as potent as PG; thus, the cytokine-inducing effect varied widely depending on the pyrogen.
Comparison with the human whole blood culture test system. Since peripheral blood monocytes are the major secretory cells for proinflammatory cytokines, it was expected that the pyrogen-induced cytokine production seen in the human body could be reproduced in vitro with the MM6-CA8 culture system. However, we could not exclude the possibility that MM6-CA8 cells have mutations causing alterations in the responsiveness to pyrogens. Furthermore, it is also possible that the single culture of monocytic cells could not completely reproduce reactions in the body to pyrogens, since interactions between different kinds of blood cells, e.g., monocytes and lymphocytes, and some stimulatory and inhibitory serum factors seem to be involved in pyrogen-induced cytokine production in the circulating blood. To investigate these possibilities, we examined the responsiveness (cytokine production) of human whole blood to various pyrogens and compared it with that of MM6-CA8 cells.
As shown in Fig. 3 , the responsiveness of human blood cells to pyrogens was very similar to that of MM6-CA8 cells (Fig. 1) . Human blood cells responded to all of the pyrogens examined except for CM-curdlan and produced IL-6, TNF ␣, and IL-1; among these, IL-6 was produced most sensitively and in the largest quantity in response to each pyrogen. Table 3 shows the cytokine-inducing potency (shown as the detection limit) of each pyrogen estimated with the human whole blood culture test system. The data in Table 3 are comparable to those obtained with the MM6-CA8 culture test system (Table 2) ; according to both culture systems, the pyrogen ranking for cytokine inducibility was in the order endotoxin Ͼ PG Ͼ poly(I · C) Ͼ SAC (see Fig. 7) . Furthermore, as shown in Fig.  4 , adequate correlations were confirmed between the pyrogen FIG. 1. Induction of release of proinflammatory cytokines from MM6-CA8 cells by various pyrogens. The cells were primed with 10 ng of calcitriol/ml. After incubation for 72 h at 37°C with calcitriol, the cells were plated in a 24-well plate at 10 6 cells/0.9 ml/well, and 0.1 ml of pyrogen at various concentrations was added to each well. After incubation for 17 h at 37°C, the release of IL-6, TNF-␣, or IL-1 in culture supernatants was evaluated by an ELISA. The amounts of cytokines released from MM6-CA8 cells cultured in a medium containing 0 g of pyrogen/ml were as follows: IL-6, 2.1 Ϯ 0.7 pg/ml; TNF-␣, 0.6 Ϯ 0.3 pg/ml; and IL-1, 2.5 Ϯ 0.6 pg/ml. Data are expressed as the mean and SEM (n ϭ 6 to 12).
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detection limits in the MM6-CA8 culture system and those in the human whole blood culture system for every cytokine. These results indicate that the responsiveness of MM6-CA8 cells and human whole blood to various kinds of pyrogens is almost the same and suggest that the MM6-CA8 test system can reproduce the pyrogen-induced cytokine production seen in the human body.
Comparison with the rabbit pyrogen test. Since fever of microbial or immune origin is mediated by circulating proinflammatory cytokines produced by peripheral blood monocytes, the cytokine-inducing potency of a pyrogen should be correlated with its pyrogenic potency. To verify this point, we examined pyrogenic potency by using the rabbit pyrogen test. As shown in Fig. 5 , all of the pyrogens except for CM-curdlan evoked fever dose dependently in rabbits. To determine the pyrogenic potency, we obtained the minimum pyrogenic dose (MPD), i.e., the minimum dose needed to cause a rise in body temperature of Ն0.6°C, from the dose-response curve for each pyrogen ( Fig. 6 and Table 4 ). Based on the MPD, the pyrogens were ranked for potency in the order endotoxin Ͼ poly(I · C) Ͼ PG Ͼ SAC (Fig. 7) . When we compared this ranking with that obtained with the culture test systems, we found that the pyrogenic potency of poly(I · C) was estimated to be higher than its cytokine-inducing potency (Fig. 7) . The pyrogenic potency of poly(I · C) relative to that of endotoxin was 0.038 (Table 4) , while its IL-6-inducing potencies relative to those of endotoxin were 0.00005 (MM6-CA8) ( Table 2 ) and 0.00008 (human whole blood) ( Table 3 ). On the other hand, the pyrogenic potencies of PG and SAC relative to that of endotoxin almost agreed with their cytokine-inducing potencies relative to that of endotoxin (Fig. 7) .
DISCUSSION
Several investigators have proposed the use of cell lines of the human monocyte/macrophage lineage as test systems for detecting pyrogenic contamination in pharmaceutical products (10, 21, 25, 38) . Although cell culture-based test systems have an advantage over the established LAL test in that they can detect pyrogens other than endotoxin, most of these investigations have focused on endotoxin as the pyrogen to be detected. Furthermore, such studies have not explicitly addressed whether the responses of the cell lines to pyrogens are relevant to the responses of normal human monocytes/macrophages and, more importantly, to the pyrogenic response in humans. With these issues in mind, here we evaluated the reliability of a cell culture-based pyrogen test system by comparing it with the human whole blood culture test system and with the rabbit pyrogen test.
As pyrogen indicator cells, we selected the MM6 cell line, established from the peripheral blood of a patient with monoblastic leukemia, because of its high sensitivity to endotoxin compared with those of the human monocytic cell linesTHP-1, U937, and HL-60. We further subcloned MM6 and obtained MM6-CA8, which shows superior responsiveness to endotoxin and also to PG. MM6 appears to be the only cell line to constitutively express the phenotypic and functional features of mature monocytes (42) . The advantages of using MM6 as an endotoxin indicator have already been reported. Taktak et al. (38) showed that MM6 cells respond to lower doses of endo-FIG. 2. Determination of the detection limit for endotoxin in the MM6-CA8 culture test system. The cells were incubated for 17 h at 37°C with endotoxin after being primed for 72 h with 10 ng/ml of calcitriol. The release of IL-6 in the culture supernatants was evaluated by an ELISA. The detection limit for endotoxin was defined as the minimum concentration inducing a significant amount of cytokine production (greater than 2 standard deviations above that obtained with 0 ng/ml). The arrow indicates the detection limit for IL-6. Data are expressed as the mean and SEM (n ϭ 6). a The detection limit was defined as the minimum concentration of each pyrogen inducing a significant amount of cytokine production (greater than 2 standard deviations above that obtained with 0 ng of pyrogen/ml). Values are reported in nanograms per milliliter.
b The cytokine-inducing potency of each pyrogen is expressed relative to that of endotoxin. FIG. 3 . Induction of the release of proinflammatory cytokines from human whole blood cells by various pyrogens. Freshly drawn heparinized human peripheral blood (225 l) was incubated for 4 h at 37°C with 25 l of saline containing various concentrations of pyrogens. After incubation, the blood samples were diluted with 750 l of saline and centrifuged for 5 min at 15,000 ϫ g. The release of IL-6, TNF-␣, or IL-1 in the supernatants was evaluated by an ELISA. The amounts of cytokines released from human whole blood cells cultured in blood containing 0 g of pyrogen/ml were as follows: IL-6, 1.0 Ϯ 0.5 pg/ml; TNF-␣, 1.8 Ϯ 0.2 pg/ml; and IL-1, 2.1 Ϯ 1.3 pg/ml. Data are expressed as the mean and SEM for three donors.
toxin with a steeper dose-response curve than THP-1 cells and that the sensitivity to endotoxin of MM6 cells (2.5 pg/ml) is similar to that of freshly prepared human monocytes and even to that in the LAL test. More recently, Moesby et al. (21) reported a detection limit of 3.1 pg/ml with MM6 cells. In another study, Eperon and Jungi (10) obtained a detection limit of 15 pg/ml with calcitriol-primed MM6 subclones, a value comparable to that for MM6-CA8 in this study (9.6 pg/ml). For comparison, the sensitivity of the rabbit pyrogen test is approximately 1 ng/ml (27) . Eperon et al. (9) proved that MM6 cells are sensitive to lipopolysaccharide (endotoxin) of various origins. Furthermore, several studies have shown that the MM6 cell assay correlates well with the LAL test but is superior when samples containing high concentrations of protein are used (9, 25, 28, 38) . Thus, studies investigating the suitability of the MM6 cell assay seem to have provided evidence for its superiority over the LAL test and the rabbit pyrogen test when endotoxin is the pyrogen to be detected. However, the responsiveness of MM6 cells to pyrogens other than endotoxin or the relevance of their response to the human pyrogenic response has not been evaluated precisely.
To investigate how the response of MM6-CA8 cells is relevant to the human pyrogenic response, we compared the responsiveness of MM6-CA8 cells with that of cultured human whole blood. The human whole blood culture system has been proposed as a superior system for reproducing the natural environment found in the human body, since the culture includes circulating stimulatory and inhibitory mediators, e.g., cytokines and chemokines, and natural cell-to-cell contacts, e.g., monocytes to lymphocytes (6) . Thus, the human whole blood culture system is able to reproduce pyrogen-induced in vivo production of proinflammatory cytokines ex vivo. Our data showed that the responsiveness of MM6-CA8 cells to endotoxin, PG, SAC, poly(I · C), and CM-curdlan was very similar to that of cultured human whole blood. Both cultures responded to all of the pyrogens examined except for CMcurdlan and produced IL-6, TNF-␣, and IL-1. The rankings of pyrogens for cytokine inducibility estimated by the two culture test systems matched exactly. Furthermore, good correlations were confirmed between the pyrogen detection limits in the MM6-CA8 culture test system and the human whole blood culture test system. These findings suggest that MM6-CA8 cells are almost equivalent to normal human monocytes with regard to their responsiveness to pyrogens and, further, that the MM6-CA8 culture test system can reproduce the pyrogeninduced proinflammatory cytokine production seen in the human body. Thus, the MM6-CA8 culture system can be expected to estimate accurately the pyrogenicity not only of endotoxin but also of other pyrogens in humans. Since proinflammatory cytokines produced by peripheral blood monocytes mediate the fever response as endogenous pyrogens (7, 18, 24) , the cytokine-inducing activity of a pyrogen should be correlated with its pyrogenic potency. On the other hand, it is generally accepted that rabbits and humans are almost equal in their sensitivities to endotoxin (12, 40) . We further examined whether the cytokine-inducing activity of the pyrogens assessed with the MM6-CA8 culture system was correlated with their pyrogenic potency assessed by the rabbit pyrogen test. We found that the relative potencies of the py- FIG. 4 . Correlation between the detection limit in the MM6-CA8 culture test system and that in the human whole blood culture test system. The detection limit for each pyrogen was defined as the minimum concentration of that pyrogen inducing a significant amount of cytokine production (greater than 2 standard deviations above that obtained with 0 ng of pyrogen/ml). The correlation is expressed for every cytokine; r, linear correlation coefficient. a The detection limit was defined as the minimum concentration of each pyrogen inducing a significant amount of cytokine production (greater than 2 standard deviations above that obtained with 0 ng of pyrogen/ml). Values are reported in nanograms per milliliter.
b The cytokine-inducing potency of each pyrogen is expressed relative to that of endotoxin. rogens estimated with the two different test systems were almost the same; the exception was poly(I · C), whose pyrogenic activity was estimated to be considerably higher than its cytokine-inducing activity. One possible explanation for this result is that the sensitivity of humans to poly(I · C) differs from that of rabbits. In fact, the MPD of poly(I · C) in humans was reported to be 1 mg/kg after systematic administration (5), compared with 72 ng/kg in rabbits, suggesting that rabbits are about 10,000 times more sensitive to poly(I · C) than humans. Although verification is needed, the present results suggest that the pyrogenic responses of humans differ from those of rabbits, depending on the pyrogen, and that the MM6-CA8 culture system could be an effective test system for evaluating pyrogenicity in humans.
The data presented here should not only help to establish a new in vitro pyrogen test system but also to provide valuable information on the mode of action of pyrogens in humans. It is interesting that the amount of IL-6 induced by each pyrogen was larger than that of TNF-␣ or IL-1. Furthermore, IL-6 was induced by lower concentrations of each pyrogen than TNF-␣ or IL-1. Consistent with these findings, it has been reported that the amount of IL-6 released into peripheral blood is larger FIG. 5 . Pyrogenicities of various pyrogens in rabbits. Rabbits were injected intravenously with the indicated doses of pyrogens. Rectal temperatures were measured for 5 h after injection. ⌬T, change in temperature. Data are expressed as the mean and SEM (n ϭ 6 to 12). VOL. 9, 2002 IN VITRO PYROGEN TEST WITH THE MM6-CA8 CULTURE SYSTEM 595 than that of TNF-␣ and IL-1 after the administration of endotoxin in humans (2, 18, 35) . This report supports our view that the MM6-CA8 culture system can reproduce the pyrogen-induced proinflammatory cytokine production seen in the human body. Although it is recognized that circulating IL-6, TNF-␣, and IL-1 mediate fever of microbial or immune origin, the relative importance of each cytokine as an endogenous pyrogen is not yet clear. Since cytokines can interact at the level of production and in their effects (23) , their functional hierarchy is difficult to determine. In recent studies, the majority of evidence points to IL-6 as a likely candidate for a major circulating endogenous pyrogen. For instance, IL-6 is found in the circulation following injury and correlates significantly with an increase in body temperature (17, 29, 30) . It has been suggested that TNF-␣-induced or IL-1-induced fever depends on the release of IL-6 as a mediator downstream of TNF-␣ or IL-1 (3, 18, 36, 41) . These recent findings, together with our data showing that IL-6 is produced more sensitively in response to traces of the various pyrogens than TNF-␣ or IL-1, indicate that IL-6 is the most suitable measuring index in the MM6-CA8 culture system for detecting and quantifying the activities of various pyrogens in humans. This is the first study in which the activities of several kinds of pyrogens have been investigated systematically using in vitro and in vivo test systems. In the past several years, the incidence of septic shock caused by gram-positive bacteria has risen markedly (4, 34) . Today, gram-positive bacteria account for almost half of the incidents of septicemia (4), and the physiological activities of gram-positive bacteria and their components have attracted the attention of many researchers. There is general agreement that gram-negative septic shock involves an excessive activation of host monocytes/macrophages by endotoxin, resulting in the overproduction of proinflammatory cytokines. It has been suggested that gram-positive septic shock similarly involves excessive activation of cells. However, the mechanisms involved are still poorly defined (14, 20) . In the present study, we examined the activities of endotoxin from gram-negative E. coli, gram-positive SAC, and the major cell wall component PG, which may cause a variety of signs associated with gram-positive septic shock. In addition to the pyrogens derived from bacteria, we took note of pyrogenic substances associated with viruses. As a representative of such a substance, we examined the activity of poly(I · C), which is a synthetic double-stranded RNA commonly used in fever research as a model of virus infection (16, 19) . Virus-associated double-stranded RNA is known to be a good cytokine inducer and to be associated with the majority of viral infections; it induces the production of proinflammatory cytokines and substantial amounts of alpha interferon (15) . However, the direct action (such as fever) of these cytokines in the influenza virus syndrome is less clear. We further examined the activity of a synthetic compound, CM-curdlan, as a negative control. ␤-(1,3)-D-Glucans purified from fungi and yeasts have been shown to bind to receptors on the surface of monocytes/macrophages, and some of them stimulate a number of immune responses, such as cytokine release (1, 33) . Nevertheless, no pyrogenicity has been reported for any kind of ␤-(1,3)-D-glucan preparation.
In summary, our findings demonstrate that the in vitro pyrogen test system with human monocytic MM6-CA8 cells and with IL-6 as a measuring index can detect various kinds of pyrogens with a high sensitivity and that responsiveness to the pyrogens is highly relevant for human pyrogenic reactions. Based on these results, we conclude that the in vitro pyrogen FIG. 6 . Determination of the MPD of each pyrogen in the rabbit pyrogen test. ⌬T max, maximum change in body temperature after pyrogen injection. Data are expressed as the mean and SEM (n ϭ 6 to 12). Symbols: E, endotoxin; F, PG; ‚, SAC; OE, poly(I · C).
FIG. 7.
Relative potencies of pyrogens determined by the MM6-CA8 culture system, the human whole blood (HWB) culture system, and the rabbit pyrogen test. The potency of each pyrogen is expressed relative to that of endotoxin. a The MPD was defined as the minimum dose needed to cause a rise in body temperature of Ն0.6°C, as determined from the dose-response curve for each pyrogen (Fig. 2) .
b The pyrogenic potency is expressed relative to that of endotoxin.
test system is useful and reliable for detecting and quantifying various pyrogens.
